We investigate photoproduction of ω off nucleon targets γN → ωN by using a Reggeized model where π(135) + σ(500) + f1(1285) + f2(1270)+Pomeron exchanges are included in the t-channel for the reaction at forward angles. The reaction mechanism at low energy is featured by dominance of π exchange with the absorptive cuts introduced to modulate the pion contribution to both γp → ωp and γn → ωn reactions. Necessity of σ exchange is illustrated in the analysis of the cross section from natural parity exchanges. Cross sections for differential, total, and spin density matrix with beam polarization are reproduced and compared with existing data on γp → ωp. Scaled differential cross sections of Jefferson Lab data on γp → ωp are investigated at the production angle θ = 90
I. INTRODUCTION
Photoproductions of lighter vector mesons, ρ 0 , ω, and φ are important to understand underlying mechanism in hadron reactions, as we have learned from the diffractive scattering that leads to a discovery of Pomeron [1] . On the other hand, photoproduction of ω shows a feature quite distinctive from others in the low energy region. Given the decay width ω → π 0 γ especially large, the role of π exchange appears to be more prominent than in ρ 0 and φ-meson cases near threshold [2] . Moreover, the small width of ω together with its isoscalar nature acts as a great advantage to investigate N * resonances in the third resonance region [3] [4] [5] , and vector meson properties in nuclei as well [2] . However, the comprehensive studies of reaction γp → ωp were rare at present [6] , despite such issues as discussed above need a systematic approach to analyze the reaction process.
In this work we elaborate to construct a model for ω photoproduction at forward angles, and attempt to describe the production mechanism throughout the reaction energy from threshold to hundreds of GeV where there exits only the prevailing Pomeron exchange. For this purpose, we utilize the Regge model of Ref. [7] where the t-channel meson exchanges π + σ + f 2 are considered in addition to the Pomeron without either fit parameters or form factors. Within the Reggeized framework the roles of lighter mesons π and σ are worth investigating, because the former exchange with the large couplings of γπω and πN N gives the contribution too excessive to agree with the observed cross section, unless reduced by the cutoff masses of hadronic form factors. Furthermore the latter exchange is even neglected in most model calculations, though it plays the role more important than * bgyu@kau.ac.kr † kong@kau.ac.kr the π exchange in the peaking of ρ 0 [2, 8] and φ cross sections near threshold [7] .
In connection with the analysis of these nonresonant meson exchanges the measurement of the γp → ωp process at the SLAC/LBL Collaborations in Ref. [9] is useful because the reaction cross sections from natural parity and from unnatural parity exchanges are provided in a separate manner at photon energies 2.8, 4.7, and 9.3 GeV, respectively. This enables us to investigate meson exchanges of different parities independently, because they do not interfere with each other. More recently, experiments on ω photoproduction off a proton target are extended to include the reaction at the deuteron target and the data on the reaction off a neutron target from the CBELSA/TAPS and GRAAL Collaborations [10, 11] are available for photon energies up to 2 GeV. From the isospin symmetry, therefore, photoproduction of ω off the neutron target could provide further constraint on the different role of the π exchange in the isovector channel.
The scaling of the differential cross section is one of the interesting phenomena observed in hadron reactions at wide angles, or alternatively large −t. According to the dimensional scaling predicted from pQCD calculation [12] , reactions around mid angle, i.e., the production angle θ ≈ 90
• , show a scaling of cross section as the reaction energy increases [7, 13, 14] . Thus, quark evidences in photoproduction of hadrons are searched for and the measurement of cross section for γp → ωp at the angle is expected to offer an observation of the transition between hadronic and parton phases in the target nucleon. Within the Regge framework which is specialized to describe the reaction at forward angles we attempt to analyze the scaled differential cross sections by virtue of the Regge model valid at energies over the resonance region without cutoff parameters. This paper is organized as follows. In Sec. II we construct a model for the meson exchanges Reggeized in the t-channel. Contributions of natural and unnatural parity exchanges are investigated, respectively, based on the Typeset by REVT E X SLAC/LBL data as discussed above. The role of σ in addition to f 2 +Pomeron exchanges is discussed in the natural parity cross section, while the necessity of the Regge cuts to modulate the π exchange is demonstrated, which, otherwise, overestimates the unnatural parity cross section. Numerical consequence in γp → ωp reaction are presented in Sec. III for the differential, total, and scaled differential cross sections. Spin polarizations including spin density matrix and beam polarization are analyzed to compare with data over resonance region. Differential and total cross sections for γn → ωn process are given to compare with recent CBELSA/TAPS data. Section IV contains a summary and discussion.
II. THE REGGE MODEL
In this section we construct a photoproduction amplitude for the reaction
which is able to describe the Pomeron exchange at high energies, while in the low and intermediate energy regions the nonresonant meson exchanges are to reproduce threshold peaking in the cross sections measured in experiments. Here k, p are the four-momenta of photon and nucleon in the initial state, and q, p ′ are the ω and the final nucleon momenta, respectively.
A. t-channel meson Regge poles at forward angles
Since the ω-meson itself is not allowed to exchange by charge conjugation, other meson exchanges relevant to the reaction in Eq. (1) are given by
for the natural parity (P = (−1) J ) and unnatural parity (P = −(−1) J ) exchanges. Here
with the Regge propagator,
written collectively for the ϕ meson of spin-J and s 0 = 1 GeV 2 . The phase factor is, in general, taken to be the canonical form J + e −iπαJ (t) ] for each meson exchange. Photon and vector meson polarizations are denoted by ǫ(k) and η * (q) with momentum k and q, respectively. u(p) and u(p ′ ) are the spinors for the initial and final nucleon with the momenta p and p ′ , respectively. Q µ = (q − k) µ is the t-channel momentumtransfer and the dimensionful parameter m 0 = 1 GeV. Here we neglect η exchange for simplicity because its contribution is suppressed by the large mass and small branching ratio ω → ηγ in comparison to π exchange.
Natural parity exchange
• σ(500) J P C = 0
++
Though the isoscalar σ meson plays an important role in reproducing the threshold peak of the ρ 0 and φ reactions [2, 7] , it was excluded in previous studies [4, 5] by the uncertainty in the decay width from which the coupling constant is determined. However, the Particle data group (PDG) reports that the partial widths
which are in magnitude comparable to those of ρ 0 and φ. In practice the two pions can be associated with an s-wave propagation of σ as an effective degree of freedom. Thus, taking Γ ω→σγ ≈ Γ ω→π + π − γ ≈ 30.56 keV as the upper limit, we estimate |g γσω | ≈ 0.53, which is not negligible. Moreover, such an estimate is consistent with the predictions either Γ ω→σγ = 33±4, or 16±3 keV from the chiral effective Lagrangians incorporated with the vector meson dominance [15] . This yields |g γσω | ≈ 0.22 or 0.32, respectively. In the present calculation, we take the smaller value g γσω = −0.17 for the reasons which is better to agree with the natural-parity cross section as shown in Fig. 1 (a) . For the σN N coupling constant, we take g σN N = 14.6 [16] close to πN N coupling constant consistent with the σ model.
• f 2 (1270) J P C = 2
Following the isoscalar σ meson, the exchange of spin-2 tensor meson f 2 gives the contribution substantial to reproduce the reaction cross section in intermediate energies up to √ s ≈ 10 GeV. The coupling constants of f 2 exchange are obtained as g γf2ω = 0.0376 from the partial decay width Γ f2→ωγ = 27 keV [17] and g (1) f2N N = 6.45 and g (2) f2N N = 0 for the tensor mesonnucleon couplings from Ref. [18] . Details of the spin-2 projection Π βρ;λσ , and the coupling vertices Γ βρ γf2ω (k, q) and Γ λσ f2N N (p ′ , p) are given in Ref [7] .
• Pomeron J P C = 1
−+
The concept and practical use of the exchange of vacuum quantum-numbers, so called the soft Pomeron, is to date well-established in photoproductions of lighter vector mesons. The Pomeron exchange as an isoscalar photon-like J P C = 1 −+ in the ω photoproduction plays the single role in the slow increase of cross sections up to √ s ≈ 100 GeV. We use the trajectory α P (t) = 0.25 t + 1.08 and the decay constant f ω = 15.6 from the SU(3) symmetry,
which is consistent with f φ = −13.4 [7] and f ρ = 5.2 = 2g ρN N [19] . The parameters for the quark-Pomeron coupling are given by β u = β d = 2.07 GeV −1 , and µ 2 0 = 1.1 GeV 2 . We adopt the nucleon isoscalar form factor F 1 (t) as given in Ref. [7] .
Unnatural parity exchange
To determine the contribution of π exchange is important, because it is crucial to the overall feature of reaction in the low energy region. The coupling constants g πN N = ±13.4 are used for the γp and γn reactions, respectively, and |g γπω | = 0.69 from the radiative decay width Γ ω→γπ = 0.7 MeV reported in the PDG. However, it is not possible to determine the sign of the radiative coupling from the unnatural parity cross section, because of the single dominance of π exchange over the negligible contribution of f 1 exchange. In this work we choose the negative sign of g γπω for the better agreement with experimental data. In the Reggeization of π exchange we take the complex phase for γp, which is consistent with the scaled differential cross section as will be discussed later. For γn reaction we take the constant phase for the π Regge-pole to agree with differential cross sections of Ref. [10] .
• f 1 (1285) J P C = 1
++
Together with the pseudoscalar π exchange the exchange of axial vector meson f 1 constitutes the contribution from the unnatural parity. We use the coupling constant g f1N N = 2.5 [7] . However, since the decay width f 1 → ωγ is not measured yet, we refer to theoretical estimates such as the constituent quark model [17] where the partial decay widths are estimated as Γ f1→ρ 0 γ = 509 keV, Γ f1→ωγ = 48 keV, and Γ f1→φγ = 20 keV, respectively. These are comparable to the values 675 keV for the f 1 → ρ 0 γ estimated from the fraction (2.8 ± 0.7) × 10 −2 [20] to the full width Γ f1 = 24.1 MeV, and 18.1 keV for the f 1 → φγ reported in the PDG. This signifies the reliability of the quark model predictions and we adopt the estimate above to obtain g γf1ω = 0.18. As for the Reggeization of f 1 , a special form of the trajectory α f1 (t) = 0.028 t + 0.9 is suggested in Ref. [21] , which is deduced from QCD axial anomaly. In the γp → φ p reaction we found it to contribute at high energies with the flat slope and positive intercept comparable to those of Pomeron [7] . The nucleon axial form factor is taken the same as in Ref. [22] with the cutoff mass M A = 1.08 GeV for the sake of consistency.
We summarize the coupling constants and trajectories with the corresponding phase factors in Table I. B. Regge cuts Figure 1 shows the natural and unnatural parity cross sections, σ N and σ U , respectively [9] . In (a) the solid and dashed curves correspond to the cross section with and without σ exchange. This signifies the role of σ exchange evident as the peaking of cross section σ N near threshold cannot be reproduced without it.
The case for the unnatural parity is shown in (b) where the dashed curve is the cross section from the pure π exchange. Thus, without any sort of reduction, the exchange of π Regge-pole should overestimate the data by a factor of two as shown in Fig. 1(b) . On the other hand, the contribution of η meson exchange of the same parity is too small to cancel the π meson exchange, if con- sidered with the coupling constants g γηω = 0.161 and g ηN N = 3.53 [4] . In order to modulate such a strong contribution of the π exchange we need to introduce the Regge-cuts [23] which are relevant to the Regge formulation of the production amplitude rather than the form factors with cutoff masses. The cuts are physically caused by absorption effects due to the elastic scattering ωN → ωN following in the sequential subprocess as shown in Fig. 2(b) .
By the couplings allowed for the ωN → ωN subprocess in the elastic cut, isoscalar mesons σ and f 2 in addition to the Pomeron exchange are considered. Then, the cuts are effective in the unnatural parity channel because the overall naturality of the t-channel exchange in Fig. 2 (b) is unnatural by the product of pion naturality and the natural parity exchanges considered [23] . In the calculation we neglect σ for the small intercept of π-σ cut in comparison to others, and write production amplitude by extending Eq. (6) to,
for the π-f 2 and π-P cuts in Fig. 2 (b) [23] . Here the M π denotes the pion interaction vertices in Eq. (6) excluding the Regge-pole. C ϕ is the strength of the π-ϕ cut to be fitted to data and d ϕ is the parameter for the range of the cut. Both parameters are of the dimension of GeV −2 . The trajectory of the π-ϕ cut in Eq. (10) is determined by the combination of π and ϕ meson trajectories which is given by
for ϕ = f 2 , P, respectively. With the parameters C ϕ and d ϕ in the cuts summarized in Table II we present the solid curve which agrees with the unnatural parity cross section for γp reaction in Fig. 1 (b) . For the γn Reaction in Table II the C ϕ and d ϕ are fitted to the differential and total cross sections.
III. RESULTS

A. γp → ωp
Differential and total cross sections
The t-dependence of differential cross sections are presented in Fig. 3 in four energy bins which are selected to represent the energy regions, threshold, intermediate, and high energy. The overestimate of the single π exchange without cuts is shown by the dotted curve at E γ = 1.475 GeV. The contribution of π exchange modulated by the absorptive cuts gives a fair agreement with differential cross sections. The role of f 1 exchange with the flat slope and large intercept for the trajectory appears to raise up the cross section at high energies 70 < √ s < 90 GeV. the trace condition is defined as [32] Σ = 2ρ
which yields the same result with Σ = dσy−dσx dσy+dσx in the reaction plane. Figure 5 shows a qualitative agreement of the spin density matrix elements and beam polarization asymmetry with the data over the resonance region, E γ = 2.8, 4.7 and 9.3 GeV [9] . We note that the vanishing beam polarization over the resonance region is consistent with the predictions from meson exchanges. Nevertheless, our model fails to predict the beam polarization and the double polarization such as beam-target in the low energy region recently measured at the CBELSA/TAPS [10, 33] . As pointed out in previous work [3] the contribution of s-channel N * resonances is essential in order to reproduce the observed spin polarizations negative and nonvanishing at low energy, which is, however, beyond the scope of the resent work, and hence, unavailable in the present work.
Scaling at large angle
We now discuss the application of the present model to scaled cross sections at large −t. For doing this we consider the saturation of a trajectory as −t → ∞, in which case the trajectory becomes independent of t [34, 35] .
By the quark counting rule the energy dependence of differential cross section obeys the power-law scaling, i.e.,
at the angle θ in the center of mass system. Thus, a direct photon coupling leads to n = 9, whereas the vector GeV 12 nb and 10 7 GeV 14 nb, respectively. By using the linear trajectories sensitivity of the cross section to cuts as well as the phase of the π exchange is investigated in (a) for s 7 and (b) for s 8 scaled cross sections. Dashed curves are from the full calculation where complex phase is taken for π exchange without cuts, whereas the dash-dotted are from π exchange with cuts but canonical phase, (1+e −iπαπ )/2, respectively. Nonlinearity of trajectory is tested in (c) and (d). Given the π exchange with complex phase and cuts, solid curves result from trajectories of π, σ, and f2 saturated as shown in Fig. 7 , whereas the dashed ones are the results without saturation. Data are taken from Ref. [36] . meson dominance assumption needs n = 10, which are expected to exhibit a scaling either by the factor of s 7 , or by s 8 as the reaction energy increase. Therefore, a precise measurement of the cross section around θ = 90
• could provide us a criterion to decide the portion of photon converting to a vector meson propagating as an effective degree of freedom.
For the saturation of a linear trajectory α(t) we use a • with a limit of meson exchange model appearing at the very backward angles. Data are taken from Refs. [37, 38] .
simple parameterization of the square root function [34] 
where the coefficients c 1 and c 2 are determined by the boundary conditions α * (t 0 ) = α(t 0 ) and dα * (t 0 )/dt = dα(t 0 )/dt at the saturation point t 0 we choose to make the trajectory saturating to −1. Then, t 1 is the initial point of the square root function we take as t 1 > t 0 in the calculation. For the sake of consistency, the nonlinear trajectory given by Eq. (15) is applied to the cut trajectories for π-f 2 and π-P as well, though cuts are by themselves effective for the very small −t. The slopes and intercepts of the π-f 2 cut trajectory in Eq. (11) are now parameterized as
in Eq. (12) with the starred quantities taken to be the slope and intercept of Reggeon trajectory nonlinearized by Eq. (15) . However, in consideration of the Pomeron exchange as the two-gluon exchange we keep the linearity of the Pomeron trajectory, while taking the nonlinear π trajectory of the assumed bound state of two quarks in the cut so that
for the π-P cut. Figure 6 shows predictions for scaled differential cross sections for the γp reaction with the saturation of trajectories by choosing t 0 = −1.325, t 1 = −0.85 for π, by t 0 = −1.0, t 1 = −0.95 for σ, and by t 0 = −2.0, t 1 = −1.5 for f 2 in unit of GeV 2 . The data are collected from the measurement at θ = 87
• and 93
• by the CLAS Collaboration [36] and re-sorted to the cross sections s 7 dσ/dt and s 8 dσ/dt, respectively. With the trajectories unsaturated, we first examine the sensitivity of the cross sections to the cuts and phase of π exchange in (a) and (b).
In lower row (c) and (d) we note that the saturation of trajectories at mid angle is significant and suggestive of nonvanishing cross section over √ s ≈ 3 GeV in the s 7 and s 8 scaled data, respectively. In Fig. 7 , we show the nonlinear behavior of Reggeon and cut trajectories with respect to momentum squared t. In order for an agreement as shown in Fig. 6 (c) and (d) we may as well fit the saturation having a gradual decrease of the t dependence rather than approaching to an ideal limit −1.
The dependence of differential cross section on the momentum squared −t is reproduced at E γ = 3.5 GeV with the nonlinear trajectories and compared to the case without saturation in Fig. 8 . Around θ ≈ 90
• the cross section from the nonlinear trajectories is in good agreement with existing data, though a limit of the t-channel Regge model to the very backward angles −t > 3.5 GeV 2 appears as a large discrepancy with data. The rise of data over −t ≈ 3.5 GeV 2 could be accounted for by the u-channel nucleon Regge pole, and a comprehensive description of the backward process which covers this issue will appear elsewhere.
Before closing the application of the nonlinear trajectory to the scaling at wide angles, a few remarks should be addressed. First, we observe that the absorptive cuts play the role not only important to reduce the strength of the π exchange but also crucial to reproduce the scaled differential cross section. At second, the canonical phase (1 + e −iπαπ )/2 is not valid to reproduce the scaled cross section as shown in Fig. 6 , because it leads to a minimum at the nonsense zeros of the phase, i.e., 1 + e −iπαπ = 0, which is opposite to the peak of the cross section s 7 dσ/dt observed at √ s ≃ 2.27. Furthermore, as in Fig. 6 (a) and (b), such a phase makes dips in the differential cross section which are not seen in the experimental data. These support the complex phase for the π Regge-pole as adopted. Lastly, both the s 7 and s 8 scaled cross sections in Fig. 6 (c) and (d) show nonzero cross sections ≈ 0.3 and 10 in their respective sizes (and in units) over √ s ≈ 3 GeV, i.e., a genuine scaling through hard process, whereas they are vanishing with the linear trajectories. Moreover, noticing that their relative size between s 7 and s 8 cross sections is ≈ 1/5 below √ s ≈ 3 GeV, and finding that it is not preserved and reduced to ≈ 1/30 in the scaling region as above, on the other hand, we expect that this give us a clue to discern which one is probable between the direct photon coupling from the vector dominance assumption, if data exit further. Therefore, a measurement of the cross section at θ = 90
• extending over √ s ≈ 3 GeV is highly desirable.
B. γn → ωn
Differential and total cross sections
Experimental data on the γn reaction are not enough to investigate the reaction mechanism up to high energy as in the case of γp process, and the data recently mea- sured at the CBELSA/TAPS Collaboration [10] are restricted to a lower energy region. Here we present our model predictions for differential and total cross sections in favor of data available. In the photoproduction amplitude the only difference between γp and γn reactions is the contribution of isovector π exchange with the sign of g πnn opposite to g πpp , as listed in Table I . Within the present framework we further modify the cut parameters and change the phase of π exchange to obtain better agreement with experiment.
Differential cross sections in the resonance region are reproduced in Fig. 9 where the constant phase of π Regge-pole is taken to reproduce the CBELSA/TAPS data. The respective contributions of meson exchanges are shown at E γ = 1.283 GeV. Figure 10 shows total cross section for γn at low energy with the data from the quasi-free neutron and bound neutron in the deuteron targets. The cut parameters in Table II are fixed to reproduce the total cross section from the reaction with the bound neutron in the final state. As shown, the role of the cuts in the γn reaction is crucial to agree with experiment as well.
IV. SUMMARY AND CONCLUSIONS
In summary we have investigated photoproduction of ω off a nucleon target from threshold up to invariant energy √ s ≈ 100 GeV within the Regge framework for σ + f 2 + P + π + f 1 exchanges. The roles of these mesons are fixed by the consistency with natural and unnatural parity cross sections independently. Cross sections for differential, total, spin density matrix and beam polarization are reproduced to explain existing data on the reaction γp → ωp. Scaled differential cross sections for γp → ωp are analyzed at the production angle θ = 90
• with the saturation of trajectories substantial to agree with Jefferson Lab data. Differential and total cross sections for the γn → ωn reaction are analyzed to compare with recent experimental data at the CBELSA/TAPS Collaboration. The most prominent feature of ω photoproduction at low energies comes from the strong contribution of π exchange together with absorptive cuts. Need of σ meson exchange is demonstrated in reproducing the natural parity cross section. At high energies where the Pomeron exchange prevails, the f 1 exchange plays the role to raise the cross section as expected from the trajectory specialized by the QCD anomaly. But its role in the reaction at low energy is much suppressed in comparison to others. These characterize the γN → ωN reaction for small −t, as viewed from the t-channel Regge-pole exchange. Analysis of scaled differential cross section is particularly interesting, because it further supports the validity of the cuts as well as the complex phase of the π exchange both of which are substantial to explain experimental data. Nonlinear trajectories from a simple square root function are considered for the saturation of Reggeons and cuts, and applied to describe the reaction at large −t. Scaled cross sections by s 7 or s 8 at θ = 90
• are found to agree with existing data below √ s ≈ 3 GeV. Nevertheless, they are predicted to behave different scaling over √ s ≈ 3 GeV, respectively, which could be a clue to distinguish the priority between the direct photon coupling and vector meson dominance. In this respect, we hope that in future experiments there should be a measurement of differential cross section around mid angle in the discussed region and further to ask how parton contributions arise there.
